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HIGHLIGHTS

e Stress and temperature gradients
are accounted for estimating
hydrogen distribution in non-
hydride forming alloys.

e Temperature gradients in turbine
blades are the most prominent
factor for the susceptibility of
hydrogen embrittlement.

e The average temperature or the
direction of the temperature
gradient can be modified to reduce
the risk of embrittlement.
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ABSTRACT

Hydrogen plays a vital role in the utilisation of renewable energy, but ingress and diffusion
of hydrogen in a gas turbine can induce hydrogen embrittlement on its metallic compo-
nents. This paper aims to investigate the hydrogen transport in a non-hydride forming
alloy such as Alloy 690 used in gas turbines inspired by service conditions of turbine blades,
i.e. under the combined effects of stress and temperature. An appropriate hydrogen
transport equation is formulated, accounting for both stress and temperature distributions
of the domain in the non-hydride forming alloy. Finite element (FE) analyses are performed
to predict steady-state hydrogen distribution in lattice sites and dislocation traps of a
double notched specimen under constant tensile load and various temperature fields.
Results demonstrate that the lattice hydrogen concentration is very sensitive to the tem-
perature gradients, whilst the stress concentration only slightly increases local lattice
hydrogen concentration. The combined effects of stress and temperature result in the
highest concentration of the dislocation trapped hydrogen in low-temperature regions,
although the plastic strain is only at a moderate level. Our results suggest that temperature
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gradients and stress concentrations in turbine blades due to cooling channels and holes
make the relatively low-temperature regions susceptible to hydrogen embrittlement.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

Hydrogen is an essential renewable fuel for gas turbines to
generate electricity owing to its high energy content and no
carbon dioxide emission [1,2]. The utilisation of hydrogen is
limited due to the high costs in storage and transportation,
e.g., liquefaction and resistance to leakage, as well as higher
emission level of nitric oxides, which have been investigated
previously; see for example [3,4]. However, hydrogen embrit-
tlement with its commonly observed adverse effect on me-
chanical reliability is another challenge for applying hydrogen
fuel in gas turbines, which may influence the longevity of gas
turbine components and induce safety issues.

Hydrogen embrittlement is the reduction of ductility and
toughness of metals in the presence of a small amount of
hydrogen, which can induce sudden premature failure [5,6] or
hydrogen-assisted fatigue, e.g. Refs. [7,8]. Consequently, the
interaction of hydrogen gas with, for instance, turbine blades
and the distribution of hydrogen concentration therein is of
paramount importance. Nickel-based alloys are non-hydride
forming alloys that are widely used for turbine blades since
they can resist high stress at high temperatures [9]. In these
non-hydride forming alloys, hydrogen transport occurs by the
movement of hydrogen atoms through the normal interstitial
lattice sites. In contrast, some hydrogen is trapped at micro-
structural defects such as dislocations, grain boundaries and
carbide interfaces [10,11]. Various mechanisms for hydrogen
embrittlement have been proposed, and the role of lattice and
trapped hydrogen is rationalised with a specific hydrogen
embrittlement mechanism. However, in terms of gas turbines,
so far, only the sensitivity of material properties of nickel
containing alloys to the external high hydrogen gas pressure
and high uniform temperature was assessed [12], where the
specimen was regarded as dimensionless, and its internal
distribution of hydrogen in different sites was not accounted.
Consequently, it is of interest to investigate hydrogen diffu-
sion in lattice and trapping sites of nickel-based alloys under
typical service conditions of turbine blades for power gener-
ation. This corresponds to hydrogen diffusion in the presence
of both a temperature gradient and a stress gradient, as a
revolving turbine blade is subject to hot gas and cooling air as
well as the non-uniform tensile stress induced by the cen-
trifugal force [13,14].

It is well known that the diffusion of hydrogen is strongly
influenced by hydrostatic stress [15—17]. Barrera et al. [18]
performed finite element calculations accounting for the
stress-mediated diffusion of lattice hydrogen and demon-
strated the effect of hydrostatic stress on the hydrogen distri-
bution of notched specimens under remote tensile stress.
Recently, Shang et al. [19] conducted slow strain rate tensile

tests and finite element analyses on X70 steel notched speci-
mens with different stress concentration factors (maximum
stress over remote nominal stress) in 10 MPa nitrogen/
hydrogen mixtures. It was found that the maximum hydrogen
concentration occurs at the notch tip where the stress is
concentrated, and its value increases with the increased stress
concentration factor. Moreover, their finite element model
demonstrated that the location of the maximum hydrogen
concentration in lattice sites moves from the notch tip to the
front of the notch tip with the increasing tensile load, whilst the
trapped hydrogen peak stays at the notch tip. However, the
influence of temperature on lattice hydrogen diffusion was not
considered, i.e. both of these studies were undertaken at room
temperature. Given that most material properties such as
hydrogen diffusivity, solubility, elastic modulus, yield strength
and strain hardening are temperature dependent [20,21], the
hydrogen concentration in metals is undoubtedly affected by
temperature. Moreover, it is well established that the temper-
ature gradient acts as a driving force for lattice hydrogen
diffusion [22—24]. However, these studies were conducted in
the absence of loading and hence did not consider the effect of
stress on hydrogen diffusion. Varias et al. [25] and Quecedo
et al. [26] investigated hydrogen embrittlement accounting for
the influences of temperature and stress on nuclear reactors.
Nevertheless, these studies all focused on the formation of
hydrides in materials such as Zirconium alloys. In contrast, gas
turbines typically comprise nickel-based alloys for creep
resistance. Nickel-based alloys are non-hydride forming, in
which hydrogen embrittlement occurs with no hydride for-
mation [18,27,28]. Therefore, this paper will focus on the
hydrogen diffusion in non-hydride forming alloys under the
influences of both stress and temperature.

Previously, we mentioned that hydrogen also exists at
traps beside the interstitial sites of the lattice. However, the
role of hydrogen that is trapped at the microstructural de-
fects is a controversial issue. For example, Novak et al. [29]
regarded hydrogen trapped at dislocations to be essential
and conjectured a decrease in the length of dislocation pile-
ups at carbide particles due to hydrogen enhanced local
plasticity (HELP) mechanism. This, in turn, decreases the
cohesive strength of the carbide interface and thereby re-
duces the macroscopic ductility of high-strength steels.
Nagao et al. [30] also adopted this idea and verified it using a
series of experiments. However, investigations on a similar
high strength steel grade directly correlated the lattice
hydrogen concentration and degree of embrittlement [31,32],
and also fracture strength of tensile specimens charged with
various amounts of hydrogen were independent of the
hydrogen trapped at dislocations, grain boundaries and
carbides [31,33]. More recently, Shishvan et al. [34] tried to
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resolve this controversy by proposing the hydrogen-induced
fast fracture mechanism. According to this mechanism, all
hydrogen atoms in a microscopic cavity of a specimen are
consumed to form hydrides on the cavity surfaces, promot-
ing fast crack propagation. The crack continues to propagate
fast to cause cleavage fracture without hydrogen present as
long as the tensile stress is at an appropriate level. Supported
by detailed atomistic and continuum calculations, the fast
fracture hypothesis can explain well-established experi-
mental observations along with the insensitivity of the
strength to the trapped hydrogen concentration. Neverthe-
less, this is a hydride forming mechanism and is not appli-
cable to non-hydride forming alloys, which means the role of
trapped hydrogen in non-hydride forming alloys may be
different.

In summary, hydrogen diffusion influenced by stress and
temperature simultaneously has not been studied for non-
hydride forming alloys, where the severity of hydrogen
embrittlement highly depends on the transport of lattice
hydrogen and the distribution of trapped hydrogen. The
nickel-based Alloy 690 is a non-hydride forming material [18]
extensively used in combustion systems and turbines [35].
Therefore, this study investigates the steady-state hydrogen
distribution in Alloy 690 under conditions inspired by a
hydrogen-powered turbine blade. A new hydrogen transport
equation is developed, and finite element (FE) analysis is
performed, which are applicable to hydrogen diffusion in non-
hydride forming alloys subjected to non-uniform stress field
and non-uniform temperature field simultaneously. The out-
comes of this research would be essential to evaluate the most
susceptible regions in gas turbines to hydrogen embrittlement
when using hydrogen as the fuel for electricity generation.

Theory of hydrogen transport

In this section, we firstly formulate the stress and temperature
mediated transport equation of lattice hydrogen concentra-
tion C;. Subsequently, we summarise how the trapped
hydrogen concentration Cr can be estimated using Oriani
theory [22] while accounting for temperature variation.

Hydrogen transport equation

The chemical potential gradient of the lattice hydrogen con-
stitutes a driving force for the lattice hydrogen flux j, which is
given as

_DLCL

j= %7 )

where D, is lattice diffusivity given in units of m%s, C_ is lattice
hydrogen concentration given in units of mol/m> R = 8.31 )/
(mol K) is the gas constant, T is temperature given in the units
of K, and u is chemical potential at constant temperature
given in the units of J/mol. In order to account for the effect of
stress besides lattice hydrogen concentration gradient,
chemical potential can be written as

Here uo is the standard state chemical potential. Vi is the
partial molar volume of hydrogen given in units of m*/mol.
The hydrostatic stress is denoted by oy and given as oy =
(011 + 022 + 033)/3 in units of Pa, where o4,, g2, and o33 are the
normal stress components of the stress tensor. Thus, the
lattice hydrogen flux can be written as

DLCL DLCL

)= 7Rt VT TRT

Here, RTVInC; and VyVoy are the driving forces for diffu-
sion generated by the concentration gradient and the hydro-
static stress gradient, respectively. However, since the
chemical potential given in Eq. (2) is valid for constant tem-
perature, Eq. (3) is not suitable when the temperature is non-
uniform or non-steady. An additional driving force that is
associated with temperature gradients is introduced, and the
corresponding flux of hydrogen in a thermotransport process
is governed by

_DLCL

J=—%7 (Vu+Q'VInT) =

Dy Cu
RT

(RTVln G+ %W), (4)
in the absence of loading, i.e. omitting the term — o4Vy in Eq.
(2) [22,36,37]. In Eq. (4), (Q*/T)VT is the driving force for diffu-
sion generated by temperature gradient, and Q* is the heat of
transport given in units J/mol that can be determined exper-
imentally [22,23]. Upon combining Egs. (3) and (4) to account
for all driving forces of interest for lattice hydrogen diffusion,
we arrive at

- _DLCL
)= "Rt

The conservation of mass dictates

aC .

where t is time and C is the total hydrogen concentration C =
C. + Cr (concentration of lattice hydrogen C. and trapped
hydrogen Cr). Consequently, the transient form of hydrogen

transport equation can be written as

VuC, Q¢

Vou +

NG +Cr) _g.p, (vcL - = VT) —o. ?)

at

Equation (7) accounts for the lattice hydrogen transport
driven by lattice hydrogen concentration gradient, hydrostatic
stress gradient as well as temperature gradient. The steady-
state form of Equation (7) is obtained when dC/dt = 0,

VuCp QC,
RT °" T RT2

VD <ch - VT> =0. (8)

Next, the lattice hydrogen concentration C; can be replaced
by the normalised concentration ¢ using the equation ¢ = C;/s.
Here s is the solubility constant in units of mol/(m?®y/Pa),
which depends on temperature and base material [38]. Equa-
tion (8) then becomes
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V-sDL<V<p—MVaH+ <&§+M)VT> =0. 9)
Hydrogen at trapping sites

Previously we mentioned that hydrogen either resides in the
interstitial sites denoted with C; or is trapped at the micro-
structural defects denoted with Cr. In this paper, we only
consider the trapped hydrogen at dislocations because the
hydrogen concentration at grain boundaries, carbides, etc.,
are insensitive to the local lattice hydrogen concentration [31].
The expressions for lattice hydrogen concentration and trap-
ped hydrogen concentration are given as

CL = B0 (10)

C"[‘ = aﬁ-pz—: (11)

Here, 8 is the number of lattice sites per solvent atom,
o = 1 denotes the number of trapping sites, 6, and 6 are the
fraction of lattice sites and trapping sites occupied by
hydrogen atoms, respectively, that are bounded as 0 < ¢, < 1
and 0 < fr < 1. N = 6.023 x 10** atoms/mol is the Avogadro's
number, N; is the number of atoms of solvent per unit vol-
ume (atoms/m?), which is a constant that depends on the
type of base material. Ny denotes the number of atomic
trapping sites along the total dislocation line length per unit
volume (atoms/m?), and its value is proportional to the
dislocation density p%(m~2) [18], i.e.

V24
=P

N
T a

(12)

where a is the lattice constant (m) of the material, and p9 is a
function of the accumulated Von Misses plastic strain ¢

a_ pd+ v, &<0.5 (13)
1 10, @ >05

Barrera et al. [18] suggests pd = 10°°m~2 for the material
Alloy 690, and v is a constant which is equal to 2 x 10"* m™2
According to Oriani's theory [11], the hydrogen concentration
in the lattice sites is in equilibrium with that at the reversible
trapping sites. The relationship between them can be
described by:

1-6. 6r
0, 1-—06r

—K, (14)

where K is the equilibrium constant determined by the bind-
ing energy for the traps Wg as

Wp
K=exr, (15)
Wp = —18 kJ/mol for the dislocation [29]. For 6; < 1,

br
1-0r

=Ko, (16)

Substituting Eq. (16) and Eq. (12) into Eq. (11), Cr is finally
expressed as:

\/EKCL Pd

[ Vi
T a(BNL, + KNuCp)

(17)

Mechanical equilibrium

In order to solve the hydrogen transport equation, knowledge
of the hydrostatic stress field is required. For that purpose, a
mechanical boundary value problem has to be solved. The
governing equation for static equilibrium, neglecting body
forces in the solid, is stated as

div(e) =0 (18)

where ¢ is the Cauchy stress tensor which is related to the
traction vector

t=on. (19)

Here, n is the outward normal unit vector at the point of
interest. Linear isotropic elasticity and J, flow theory with
isotropic hardening are employed as the constitutive
behaviour.

Thermal equilibrium

The solution of the hydrogen transport equation given above
also requires knowledge of the temperature field, which can
be obtained by solving a thermal boundary value problem that
is governed by the conservation of energy

T 1
i Ev'qa (20)
where T is the temperature, t is the time, p is the density and ¢,
is the heat capacity. The heat flux q is given as

q = —kVT. (1)

Here k is the thermal conductivity of isotropic material.
Combining Eq. (20) and Eq. (21) for steady-state yields

V2T = 0. (22)

Finite element (FE) analysis

Under the working conditions of turbine blades, centrifugal
forces on the typical geometry of the blade generate a non-
uniform stress field with hydrostatic stress predominantly
tensile in nature. The stress distribution is considered time-
independent and instantaneous since the rate of elasto-
plastic deformation is much higher than that of hydrogen
diffusion. Moreover, a non-uniform temperature field is
assumed for the blade since it is in contact with a hot at-
mosphere while internally cooled through conformal cooling
channels. Upon comparing the mean conduction length /at
and mean diffusion length v/Dt for unit time, it is apparent
that temperature distribution reaches a steady-state much
earlier than that of hydrogen concentration. Consequently, it
is reasonable to neglect the temperature transients and use
the steady-state temperature distribution for stress
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and hydrogen these
circumstances.

Our methodology can be summarised as follows. First, a
one-way coupled thermo-mechanical boundary value prob-
lem is solved by FE analysis to attain the steady-state tem-
perature field and the corresponding mechanical field
quantities. One-way coupling implies the mechanical
boundary value problem of an elastoplastic material makes
due account of the steady-state temperature field of the
domain. Subsequently, a separate FE analysis is performed for
the hydrogen transport governed by Eq. (9), accounting for
both the established temperature field and the hydrostatic
stress distribution in the solid. Note that the influence of
hydrogen concentration on mechanical properties is not
accounted for in this study for simplicity. Moreover, the de-
gree of knockdown in yield strength and the exact mechanism
of how the lattice and trapped hydrogen change the local yield
strength is controversial (see for example [29,31,32,34]) and
also material specific.

All calculations are performed with the commercial FE
program ABAQUS 2019. In ABAQUS, the mass transport
equation has the form

concentration prediction wunder

V-sD. (Vo — K,Vou + K VIn T) = 0. (23)

Here, K and K, are the Soret effect and pressure effect
factors. By comparing Eq. (23) with Eq. (9), we obtain

_Vao
K, =222, (24)
and

°"s2 dT ' RT
Consequently, lattice hydrogen concentration (C. = ¢s) is
obtained by solving Eq. (23), whilst trapped hydrogen con-
centration is calculated using Eq. (17) as a post-processing
step.

Model verification and validation

In order to verify the current model and its numerical imple-
mentation in ABAQUS 2019, the lattice hydrogen distributions
in two cases from Barrera et al. [18] are compared with the
predictions of the above described FE analysis. The first case is
a 2D square plate (120 mm x 120 mm) with a circular hole
(radius r = 4 mm) at the centre, under plane stress conditions
in the elastic regime. Since this case does not account for the
influence of plasticity and trapping sites, another case is used
which is a 2D plate (120 mm x 120 mm) with elliptical notches
(major axis = 40 mm, minor axis = 10 mm) under plane stress
and plastic deformation.

In the first case [18], an evenly distributed normal tensile
traction of 100 MPa is applied on the top surface of the plate
with no tangential traction. Barrera et al. [18] considered a
duration of 10'° s for the diffusion under room temperature,
which implies that the steady-state for hydrogen concentra-
tion is established. Note that, since the temperature is uni-
form and remains as such with time, a thermo-mechanical
coupling is not necessary. Initially, the plate has a uniform

lattice hydrogen concentration of C; = 20 mol/m>. The sym-
metry boundary conditions are prescribed on the left and
bottom boundaries of the quarter of the square plate shown in
Fig. 1a, both for the mechanical and the diffusion boundary
value problems. The top and right boundaries of the plate are
material flux free while the right boundary is also traction
free. The second case [18] in Fig. 1b has similar boundary
conditions such that the symmetry boundary condition ap-
plies to right and bottom boundaries, the left boundary is
traction and flux free, and the top edge is subjected to 0.6 mm
displacement in the x, direction while it is traction free in the
x; direction. In the second case, the specimen undergoes
elastoplastic deformation and the initial hydrogen concen-
tration is C; = 27 mol/m?>. In Fig. 1, contour levels of steady-
state lattice hydrogen distribution of our FE analyses are
given. In Table 1, C, values predicted with the current FE
analysis are compared with the data reported by Barrera et al.
[18] at five selected locations labelled as A, B, C, D and E in
Fig. 1. The discrepancy for predicted C; at Points A, C and D are
0.75%, 0.86% and 6.8%, respectively. The discrepancy in lattice
hydrogen concentrations at Point D is larger compared with
that at A and C as anticipated because the influence of
hydrogen concentration on yield strength is not accounted for
in our model in contrast to Barrera et al. [18]. Consequently,
the plastic strain and the trapped hydrogen concentration are
slightly different from what is reported in Barrera et al. [18]
Here, Points A and D correspond to the locations where the
highest tensile hydrostatic stress is attained in the two cases,
whilst Point C is the location under the lowest compressive
hydrostatic stress.

Next, the current model is verified for hydrogen diffusion
that occurs over a non-uniform temperature field in the
absence of a loading. Longhurst [39] considered diffusion of
tritium (an isotope of hydrogen) across a 316 stainless steel
wall of 0.5 cm thickness where a uniform temperature of 673K
and a uniform concentration of C; = 1.41 wt.ppm (11.14 mol/
m?®) are maintained at one side of the wall a uniform tem-
perature of 373 K, and a uniform concentration of C; = 0 are
retained on the other side of the wall. This time in the absence
of any loading, a mechanical boundary value problem is not
needed. Material properties of tritium used in our calculation
are reported in Table Al in Appendix A. Fig. 2a depicts the
tritium concentration as a function of normalised distance at
steady-state. A reasonably good agreement is attained be-
tween the prediction of the Longhurst [39] and the current
model.

In Fig. 2b, we validate the predictions of our FE analysis
with the experimental measurements reported in the litera-
ture. Kim et al. [36], considered a specimen of modified
Zircaloy-4 alloy, which initially has a uniform concentration
of 91.7 wt.ppm (601.55 mol/m?) hydrogen. The two ends of this
specimen were kept at 300 °C and 340 °C, respectively, for 35
days. Although the Zircaloy-4 is a hydride forming alloy, there
is no hydride in the region where the temperature is between
320 °C and 340 °C (between 12 and 24 mm from the cold sur-
face). Consequently, the equation proposed in this paper can
still be used to calculate hydrogen concentration in this spe-
cific region. Results obtained in Fig. 2b demonstrate a good
agreement between the current FE model and the experi-
mental measurements.
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Fig. 1 — Distribution of lattice hydrogen concentration (a) for the quarter of a square plate with a hole and (b) for the quarter

of a notched plate as described in Barrera et al. [18].

Table 1 — Comparison of lattice hydrogen concentration
in units of mol/m? predicted by the current model and as

reported by Barrera et al. [18] at points A, B,C,D and E
labelled in Fig. 1.

Point Current model Barrera et al. Discrepancy
A 21.55 21.39 0.75%

B 20 20 0

C 18.54 18.7 0.86%

D 32.50 34.88 6.8%

E 27 27 0

Numerical examples

It remains to investigate the combined effects of stress and
temperature on hydrogen transport. For this purpose, we
consider a 2D double notched specimen under plane strain.
The quarter of the specimen shown in Fig. 3 is sufficient for FE
analyses due to two axes of symmetry indicated with dashed-
dotted lines in Fig. 3 along with the dimensions of the domain.
Consequently, the right and bottom boundaries are prescribed
with symmetry boundary conditions for the thermal,

637K 373K

C; (mol/m?)

0 0.1 020304050.60.70809 1

Normalised distance
—Current model 4 Longhurst

(a)

mechanical and diffusion boundary value problems. A struc-
tured FE mesh comprising linear quadrilateral elements is
employed. The FE mesh is refined to a size of
0.17 mm x 0.10 mm in the proximity of the notch root to
capture the steep gradients of the hydrostatic stress due to
stress concentration, and the total number of elements is
26,825. The mesh convergence study is depicted in Fig. B1 in
Appendix B, revealing this mesh density ensures a high level
of numerical accuracy. The material properties representative
of the Alloy 690 are listed in Table 2. Young's modulus E [40]
and plastic hardening response [41] as a function of temper-
ature are given in Appendix C in Fig. C1 and Fig. C2, respec-
tively. The effect of strain rate on strain hardening of Alloy 690
is negligible in the temperature range 298—1073 K [40].

The temperature in the specimen is initially uniform and
set to 300 K. A non-uniform temperature distribution is
induced by prescribing selected values of fixed temperature at
the notch surface Tyoten and the top boundary Trop ranging
between 300 K and 900 K. The values for Tnotch @and Trop for all
cases considered in this study are tabulated in Table 3. The left
boundary of the domain is always thermally insulated. We
define 7 = (Ttop — Tnoten)/L, Which characterises the global
temperature gradient imposed on the domain. Here,

12 mm 24 mm
700

650

Y RV -
w0 o wn O
(== = =1
L ]
n
| }

Cp (mol/m3)

N
f=3
=}

350

300
593 598 603 608 613
Temperature (K)
——Current model ® Kim et al.'s data

(b)

Fig. 2 — Distribution of hydrogen concentration obtained by current model superimposed with (a) predictions reported by
Longhurst [39] with temperatures at the two ends of the specimen and (b) experimental measurements of Kim et al. [36]
within the region of the specimen without hydrides.
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Fig. 3 — Dimensions of the quarter of the double notched
specimen and the applied loading. The dashed-dotted
lines indicate the axes of symmetry.

Table 2 — Material properties of Alloy 690.

Parameter Value
o ) 8.19 x 10°
Ny (m~3) 9.24 x 10%
2
Dy (m?%s) 6.87 x 10*7exp<fm> [42]
RT
3
s (mol /(m3vMPa)) 537.52exp<—96;?77> [38]
E See Fig. C1 [41]
ay See Fig. C2 [40]
) 0.3
Vi (m%/mol) 2x10°°
W (j/mol) 18
a (m) 2.86 x 10°%°
8 6
Q* (J/mol) 3976 [39]

L = 50 mm is the distance between the notch surface and the
top surface at the left edge of the specimen. We also define

T = (Ttop +Tnotch)/2 as an indication of the average tempera-
ture at the steady-state. The values of n and T are also tabu-
lated in Table 3.

The double notched specimen is subjected to an evenly
distributed normal traction of 200 MPa with no tangential
traction at the top surface. The left boundary of the domain
and the notch surface are traction free.

The initial lattice hydrogen concentration is C; = 0 every-
where in the specimen. The hydrogen concentration at the
notch surface is prescribed to C, = 20 mol/m3, whilst at the top
surface, lattice hydrogen concentration is prescribed to C, = 0
for all cases.

Apart from the 12 cases with non-uniform temperature
distribution, three reference cases (Ref. 1, Ref. 2 and Ref. 3) are
defined with a uniform temperature of 300 K, 900 K and 600 K,
respectively.

For all cases, a thermo-mechanical analysis is performed
with the 8-node quadratic, reduced integration elements
(CPE8RT in ABAQUS). Given the fact that hydrogen diffusion
is much slower than both the elastoplastic mechanical

Table 3 — Thermal boundary conditions for the numerical
examples considered in the study.

Case Variable Tyoteh (K) Trop (K) 7 (K/mm) T (K)
Ref. 1 T 300 300 0 300
Ref. 2 900 900 900
Ref. 3 600 600 600
1 T 500 300 -4 400
2 700 500 —4 600
3 900 700 -4 800
4 300 500 4 400
5 500 700 4 600
6 700 900 4 800
7 n 900 300 -12 600
8 800 400 -8 600
9 700 500 —4 600
10 300 900 12 600
11 400 800 8 600
12 500 700 4 600

response and the heat transfer, the hydrostatic stress and
temperature fields obtained from the thermo-mechanical
analysis are incorporated into the steady-state mass diffu-
sion analysis. The hydrogen diffusion analysis is undertaken
using 8-node quadratic quadrilateral elements (DC2D8 in
ABAQUS). Ni-based alloys used for turbine blades have high
creep resistance. At the highest temperature of 900 K and
constant applied loading of 200 MPa considered in our study,
the creep rate of Alloy 690 ranges is between 0.0001/hr and
0.0005/hr [43] which is negligible for the hydrogen diffusion.
Therefore, the influence of creep is not accounted for in this

paper.

Results and discussion

In this section, the combined effects of temperature and stress
on steady-state hydrogen concentration in lattice and at
trapping sites are investigated through the cases that have
been described in the previous section.

Hydrogen transport at a uniform temperature

We first look at the effect of uniform temperature on the
steady-state lattice hydrogen distribution. Fig. 4 shows the
distribution of hydrostatic stress for the two reference cases:
Case Ref. 1 when T = 300 K (Fig. 4a) and Case Ref. 2 when
T = 900 K (Fig. 4b). In both cases, the hydrostatic stress is
predominantly tensile. It reaches its maximum value in the
close vicinity of the notch root precisely at the boundary of the
plastic zone (e.g., see Point A in Fig. 4). Moreover, the variation
of hydrostatic stress is more pronounced along the X — axis for
Case Ref. 1 compared to Case Ref. 2. This implies a steeper
gradient of hydrostatic stress in the X direction when
T = 300 K compared with the case when T = 900 K. Note that
yield strength decreases when T = 900 K is due to thermal
softening, leading to more plasticity and thereby more stress
relaxation around the notch.
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ou (MPa)

Fig. 4 — Hydrostatic stress field of the double notched specimen and under tension for (a) Case Ref. 1 when T = 300 K and (b)

for Case Ref. 2 when T = 900 K.

The lowest value of compressive hydrostatic stress is near
the bottom left corner of the domain, above the notch flank.
The origin of this compressive hydrostatic stress is the
displacement of material points in the diagonal direction to-
wards the top right corner of the specimen. Point B labelled in
Fig. 4a is located on the boundary where the nature of hy-
drostatic stress turns from tensile to compressive. In Fig. 4b,
i.e. when T = 900 K, this transition occurs more distinctly, and
the magnitude of the lowest compressive oy increases. Just
above the notch flank, the increase in the magnitude of local
deformation overcompensates the decrease in E when the
temperature rises to 900 K under the fixed remote loading of
200 MPa at the top surface.

The corresponding steady-state lattice hydrogen concen-
trations are given in Fig. 5. Both in Fig. 5a and 5b when
T =300 K and T = 900 K, respectively, the maximum lattice
hydrogen concentration is 21.23 mol/m>. Note that, F'T = 0 for
uniform temperature in Eq. (8). Also, recall that the term
associated with hydrostatic stress becomes more pronounced
when the temperature is reduced. Consequently, the C dis-
tributions in Fig. 5a and 5b are slightly different due to slightly
different oy distributions and the different temperature levels.
For instance, when T = 300 K, a tiny plastic zone forms along
the X — axis, and thus steep hydrostatic stress gradients exist
in the X direction. Consequently, a larger region that accu-
mulates a high concentration of lattice hydrogen is seen in

Ct (mol/m?)

(a)

Fig. 5a. Moreover, in Fig. 5b, when T = 900 K, the isoline with
the highest value of C; at the rim of the notch extends to
where (see Point B in Figs. 4b and 5b) the compressive oy turns
into tensile, i.e. where the gradient of oy is high.

Next, we investigate the hydrogen trapped at dislocations
for the double notched specimen. Previously we showed that
the trapped hydrogen concentration given with Eq. (16) is a
function of plastic strain, temperature, and lattice hydrogen
concentration. The distribution of Von-Misses plastic strain
for Case Ref. 1 when T = 300 K and for Case Ref. 2 when
T =900 K is given in Fig. 6a and Fig. 6b, respectively. It can be
observed that plastic strain is predominantly present at the
notch root due to stress concentration and at the top right
corner of the domain. Moreover, the equivalent plastic strain
at the notch root increases approximately 12 fold from
e =0.0284 to ¢ = 0.358 when the temperature rises from 300 K
to 900 K. This is due to i) reduction of the yield strength from
260 MPa to 130 MPa and ii) reduction of the degree of plastic
hardening (see Fig. C2 in Appendix).

In Fig. 7, the distribution of Cr for Case Ref. 1 when T =300K
and for Case Ref. 2 when T = 900 K is given. It is observed that
the trapped hydrogen at dislocations mainly accumulates near
the notch root for both cases and Cr in Case Ref. 1 when
T = 300 K is nearly an order of magnitude higher than that in
Case Ref. 2 when T = 900 K. This can be rationalised by Eqg. (16).
Despite a larger plastic strain prevailing in Case Ref. 2, the

CL (mol/m?)

21.23
19.46
17.69
15.92
14.15
12.38
10.61
8.85
7.08
3.31
3.54
1.77
0.00

(b)

Fig. 5 — Lattice hydrogen concentration distribution of the double notched specimen and under tension for (a) Case Ref. 1

when T = 300 K and (b) for Case Ref. 2 when T = 900 K.
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(a)

(b)

Fig. 6 — Von-Misses equivalent plastic strain in the double notched specimen under tension (a) for Case Ref. 1 when

T = 300 K and (b) for Case Ref. 2 when T = 900 K.
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Fig. 7 — Distribution of dislocation trapped hydrogen in the double notched specimen under tension (a) for Case Ref. 1 when

T = 300 K and (b) for Case Ref. 2 when T = 900 K.

increase in temperature reduces the equilibrium constant K
exponentially (c.f. Eq. (14)) from 1361.44 to 11.08. Therefore, the
change in the equilibrium constant K overcompensates the
effect of plastic strain increase, which results in a significant
drop in the trapped hydrogen concentration when the tem-
perature increases from 300 K to 900 K.

Influence of average temperature for a non-uniform
temperature field

It remains to investigate the hydrogen transport under a non-
uniform temperature distribution. We first investigate the
distribution of C; and Cr when the direction of concentration
increase as prescribed by the concentration boundary condi-
tions is aligned with that of temperature increase, i.e. Cases
1-3 with 5 < 0. Subsequently, Cases 4—6 with 5 > 0 are studied
when the direction of concentration increase is opposite to
that of temperature increase.

For Cases 1, 2 and 3, n = —4 K/mm while T is equal to 400 K,
600 K and 800 K, respectively. For Case 1, the steady-state
temperature and hydrostatic stress distributions are shown
in Fig. 8a and Fig. 8b, respectively. Fig. 8 indicates how the
temperature and stress vary in the cases under discussion.
Fig. 9 illustrates the steady-state C; distribution for Cases 1, 2

and 3 along with the result of Case Ref. 1 (uniform tempera-
ture) for comparison.

The comparison between Fig. 9a (Case Ref. 1) and Fig. 9b
(Case 1) reveals that lattice hydrogen concentration C in
Case 1 increases along the direction of temperature drop,
towards the top surface of the domain and then suddenly
drops due to the C; = 0 boundary condition prescribed at the
top surface of the specimen. Moreover, C;. in Case 1 with
TNotch = 500 K and Ttop = 300 K has a peak value of 71.34 mol/
m? compared to the peak value of 21.67 mol/m?in Case Ref. 1
with a uniform temperature of 300 K. This demonstrates that
the temperature gradient is a major driving force for the
transport of lattice hydrogen, which enables lattice hydrogen
to diffuse from regions of high temperature to regions of low
temperature. This phenomenon of temperature-induced
lattice hydrogen transport is known as the Soret effect.
Case 2 (T= 600 K) and Case 3 (T= 800 K) exhibit C; distribu-
tions reminiscent to Case 1, except the temperature-induced
lattice hydrogen transport is less pronounced as T increases
while 7 is kept fixed. This can be explained as follows; as the
temperature increases, the coefficient Q*/T in front of the
term PT in Eq. (8) decreases, leading to a less pronounced
effect of the temperature gradient on the hydrogen
transport.
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Fig. 8 — (a) Steady-state temperature distribution and (b) hydrostatic stress distribution in the double notched specimen
under tension for Case 1 with Tyoicn = 500 K and Trqp = 300 K.
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Fig. 9 — Steady-state lattice hydrogen concentration in the double notched specimen under tension for (a) Case Ref. 1 with
T =300 K, (b) Case 1 with Tyotcn = 500 K and Trop = 300 K thus T = 400 K, (c) Case 2 with Tyotcn = 700 K and Trop, = 500 K
thus T = 600 K and (d) Case 3 with Tyoin = 900 K and Trop, = 700 K thus T = 800 K.

The steady-state C profiles for Cases Ref. 1, 1, 2 and 3 along
the X — axis and the Y — axis are plotted in Fig. 10a and Fig. 10b,
respectively. For Case 1 with T = 400 K, C; along the X — axis
increases monotonically whilst for the other three cases,
starting from around X = 35 mm, C; decreases gradually. This
point along the X — axis where C; peaks coincides with the
location of the peak hydrostatic stress attained at the edge of

the plastic zone. Once again, it can be seen that as the average
temperature T increases, the degree of the temperature-
induced lattice hydrogen transport diminishes. Meanwhile,
an increase in average temperature T also reduces the peak
value of hydrostatic stress but increases the size of the plastic
zone, i.e. pushes the peak oy position further along the

X — axis, as depicted in Fig. 10c. The former is due to the
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Fig. 10 — Steady state lattice hydrogen concentration in the double notched specimen under tension (a) along the X — axis
and (b) along the Y — axis, for Case 1, Case2, Case3 and Case Ref. 1. Temperature and hydrostatic stress in the double
notched specimen under tension (c) along the X — axis and (d) along the Y — axis, for Case 1, Case2, Case3 and Case Ref. 1.

temperature dependence of Young's modulus E while the
latter is due to temperature-dependent yield strength and
plastic hardening accounted for in our calculations.

As discussed above, everything else being equal, the higher
the temperature, the smaller the magnitude of the term %VT
in Eq. (8). Therefore, increasing T for a fixed value of n < 0 leads
to less temperature-mediated hydrogen diffusion and a more
uniform C; distribution along the X — axis. Moreover, since the
effect of hydrostatic stress also reduces with increasing T, the
steady-state C, distribution for Cases 2 and 3 are nearly uni-
form along the X direction.

In Fig. 10b, the steady-state C profile along the Y — axis is
plotted. A steeper temperature gradient along the Y — axis
(see Fig. 10d) emerges compared to that along the X — axis
(Fig. 10c) for all cases with 5 < 0. A significant degree of
temperature-induced lattice hydrogen transport is seen
along the Y — axis for Case 1. The lattice hydrogen concen-
tration along the Y — axis initially increases but then sud-
denly decreases due to the C; = 0 boundary condition
prescribed at the top surface of the domain. The peak C.
value along the Y — axis in Case 1 (T =400 K) indicates the
degree of the temperature-induced lattice hydrogen

Fig. 11 — Equivalent plastic strain distribution in the double notched specimen under tension for (a) Case 1 with
Twotch = 500 K and Trop = 300 K thus T = 400 K, (b) Gase 2 with Tyotcn = 700 K and Trop = 500 K thus T = 600 K and (c) Case 3

with Tyoten = 900 K and Trop = 700 K thus T = 800 K.
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Fig. 12 — Distribution of dislocation trapped hydrogen concentration in the double notched specimen under tension for (a)
Case 1 with Tyotch = 500 K and Trop = 300 K thus T = 400 K, (b) Case 2 with Tyoten = 700 K and Trop = 500 K thus T = 600 K
and (c) Gase 3 with Tyotch = 900 K and Tro,p = 700 K thus T = 800 K.

transport. In Case 2 (T= 600 K) and Case 3 (T = 800 K), the
temperature-induced lattice hydrogen transport is more
subtle as the influence of the temperature gradient di-
minishes by the rise in average temperature T.

Fig. 11 illustrates the distribution of the equivalent plastic
strain for Cases 1, 2 and 3. The plastic strain is observed near
the notch root and the top right corner of the domain due to

Ct (mol/m3)
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354 |
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high levels of Von Mises stresses in these regions. As the
average temperature increases, the plastic strain at the notch
root increases from ¢ = 0.0485 (for Case 1 with T = 400 K) to
¢ = 0.2958 (for Case 3 with T = 800 K) and the plastic zone
expands. Moreover, the plastic deformation is also more
prominent at the top right corner of the domain when T rises.
These observations can be attributed to the reduction in yield
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Fig. 13 — Distribution of lattice hydrogen in the double notched specimen under tension (a) for Case Ref. 1 with T =300 K, (b)
for Gase 4 with Tyotcn = 300 K and Trop = 500 K thus T = 400 K, (c) for Case 5 with Tyoicn = 500 K and Trop = 700 K thus T =
600 K, and (d) for Case 6 with Tyotch = 700K and Trop = 900 K thus T = 800 K.
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Fig. 14 — Steady state lattice hydrogen concentration in the double notched specimen under tension (a) along the X — axis

and (b) along the Y — axis, for Cases 4, 5 and 6.

strength and the hardening slope of the material at higher
temperatures.

Fig. 12 shows the trapped hydrogen concentration contour
levels for Cases 1, 2 and 3. It is observed that Cr at the notch
root increases from Case 1 to Case 2 and from Case 2 to Case 3
due to higher levels of plastic strain near the notch root with
increasing T. It is important to note that the local temperature
in the vicinity of the notch root is the highest for Case 1 and
lowest for Case 3. A higher value of temperature implies a
higher equilibrium constant K that establishes the local
equilibrium between 6; and 6y in Eq. (14), which in turn
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i b
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decreases the local Cr. Upon comparing Fig. 12a for Case 1 and
Fig. 12b for Case 2, the steady-state Cr value at the notch root
for Case 2 appears lower, i.e. the effect of the equilibrium
constant K prevails over the effect of plastic strain. However,
upon comparing Fig. 12b for Case 2 and Fig. 12c for Case 3, the
steady-state Cr at the notch root increases slightly for Case 3
which indicates the increase in the plastic strain is now more
dominant than the increase in K. It can be seen in Eq. (15) that
the degree of increase in K when increasing notch tempera-
ture from 500 K to 700 K is higher than that of increasing the
notch temperature from 700 K to 900 K.

(c)

Fig. 15 — Contour plots of plastic strain distribution in the double notched specimen under tension for (a) Case 4 with
Tnotch = 300 K and Trop = 500 K thus T = 400 K, (b) Case 5 with Tyotcn = 500 K and Trop, = 700 K thus T = 600 K and (c) Case 6

with Tyoten = 700 K and Trop = 900 K thus T = 800 K.
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Fig. 16 — Contour plots of dislocation trapped hydrogen concentration distribution in the double notched specimen under
tension for (a) Case 4 with Tyotcn = 300 K and Trop = 500 K thus T = 400 K, (b) Case 5 with Tyotch = 500 K and T, = 700 K
thus T = 600 K and (c) Case 6 with Tyotch = 700 K and Trop = 900 K thus T = 800 K.
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At the top right corner of the domain, a different trend is
observed, i.e. steady-state Cr levels decrease with increasing T
from Case 1 to Case 2 and from Case 2 to Case 3 despite an
increase in the local plastic strain. The reasons behind this
phenomenon are twofold. Firstly, with the increasing T, the
equilibrium constant K is reduced exponentially. In addition
to that, the strong temperature-induced lattice hydrogen
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(c)

transport observed in Case 1 generates a drastic increase in
the steady-state C;, (and hence 6;) at the top right corner of the
domain, which also contributes to the increase in local Cr c.f.
Eq. (16). Previously we showed that this effect weakens with
increasing T since the temperature-induced lattice hydrogen
transport becomes less prominent. This demonstrates that
the temperature-induced hydrogen diffusion not only impacts
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Fig. 17 — Distribution of lattice hydrogen concentration in the double notched specimen under tension for (a) Case 7 with
Tnotch = 900 K and Trop = 300 K thus 7 = —12 K/mm, (b) Case 8 with Tyotch = 800 K and Trqp = 400 K thus n = —8 K/mm, (c)
Case 9 with Tyotch = 700 K, Trop = 500 K thus n = —4 K/mm, and (d) Case Ref. 3 with uniform temperature 600 K thus n = 0.
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Fig. 18 — Steady-state lattice hydrogen concentration in the double notched specimen under tension (a) along the X — axis
and (b) along the Y — axis for Case 7, Case 8, Case 9, and Case Ref. 2.
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the lattice hydrogen distribution but also indirectly affects the
distribution of dislocation trapped hydrogen.

Next, we proceed with investigating the steady-state
hydrogen distribution when the direction of the temperature
increase is reversed. In Fig. 13, steady-state lattice hydrogen
concentration distributions are given for Case Ref. 1, Case 4
(T = 400 K), Case 5 (T= 600 K) and Case 6 (T = 800 K). Tem-
peratures prescribed as boundary conditions at the notch
surface and the top surface of the specimen are also indicated
in Fig. 13. Note that n =4 K/mm for Cases 4, 5 and 6 while =0
for Case Ref. 1 with uniform temperature throughout the
domain. For cases with n > 0, C; levels away from the notch
surface vanish due to the temperature-induced lattice

hydrogen transport. This time the temperature gradient acts
against the lattice hydrogen concentration gradient inhibiting
diffusion. Since the degree of the temperature-induced lattice
hydrogen transport reduces with increasing temperature,
Case 4, with the lowest average temperature of T = 400 K,
exhibits non-zero lattice hydrogen levels only in the imme-
diate neighbourhood of the notch flank. In contrast, in Case 6,
the temperature-induced lattice hydrogen transport is the
weakest. Thus the steady-state C; distribution is more similar
to that of Case Ref. 1 with uniform temperature distribution.
Moreover, the effect of the stress gradient is almost negligible.
This is better demonstrated by visualising the steady-state C;,
profiles along the X — and Y — axes in Fig. 14a and Fig. 14b,
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Fig. 19 — Contour plots of equivalent plastic strain in the double notched specimen under tension for (a) Case 7 with

Totch = 900 K and Trop, = 300 K thus n = —12 K/mm, (b) Case 8 with Tyotch = 800 K and Trp, = 400 K thus n = —8 K/mm, and (c)
Case 9 with Tnotch = 700 K and Trop = 500 K thus n = —4 K/mm. Contour plots of magnitude of displacement in the double
notched specimen under tension in mm for (d) Case 7 with Tnotch = 900 K and Trop = 300 K thus n = —12 K/mm, (e) Case 8 with
Tnotch = 800 K and Trop = 400 K thus 7 = —8 K/mm, and (f) Case 9 with Tyotch = 700 K and Trop = 500 K thus 7 = —4 K/mm.
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Fig. 20 — Contour plots of dislocation trapped hydrogen concentration in the double notched specimen under tension for (a)
Case 7 with Tnotch = 900 K and Ttop = 300 K thus n = —12 K/mm, (b) Case 8 with Tyoicn = 800 K and Trop, = 400 K thus
n = —8 K/mm, and (c) Case 9 with Tyotch = 700 K and Trp = 500 K thus n = —4 K/mm.
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respectively. It can be observed that C; decreases mono-
tonically along both axes, for all cases plotted with > 0, and
the amount of decrease becomes more prominent when the
temperature is lower due to a more pronounced temperature-
induced lattice hydrogen transport as explained above.

Fig. 15 visualises the plastic strain distribution in Cases 4, 5
and 6. Similar to earlier results reported for Cases 1, 2 and 3,
the localised plastic strain near the notch root and the top
right corner increases due to thermal softening when T in-
creases. However, the amount of trapped hydrogen at the
notch root reduces from 0.246 mol/m? for Case 4 to 0.021 mol/
m? for Case 6, as shown in Fig. 16. Previously we showed that
increasing T reduces the equilibrium constant K and thus re-
duces Cr according to Eq. (16) even though the plastic strain
increases with increasing T. We also showed that the increase
in K is more pronounced for lower temperatures. The Cr
values at the top right corner of the domain simply vanish in
the absence of any lattice hydrogen, i.e. 6, = 0.

Influence of the degree of global temperature gradient
So far, we have focused on cases with a fixed global temper-

ature gradient with || = 4 K/mm for selected values of average
temperature as indicated by T. Next, we will study the degree
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of the global temperature gradient. Cases 7, 8 and 9 are
designed such that the average temperature is fixed to
T = 600 K while n that characterises the global temperature
gradient imposed on the domain for Case 7,8 and 9 are —12 K/
mm, — 8 K/mm and —4 K/mm respectively. Note that the di-
rection of temperature increase for < 0 is aligned with the
direction of concentration increase prescribed by the con-
centration boundary conditions of the problem. Cases 10, 11
and 12 that will be discussed subsequently are also for
T = 600 K while n > 0, i.e. the direction of temperature increase
is reversed.

In Fig. 17, C. distributions are depicted for a range of 5
values. For Case 7 with n = —12 K/mm, C; first increases along
the direction of the temperature drop, followed by a sudden
drop near the top surface of the specimen since C, = 0 is
prescribed at the top surface. A strong temperature-induced
lattice hydrogen transport is observed as anticipated for the
corresponding value of 7. In Fig. 17b, a qualitatively similar C;
distribution is observed for Case 8 with n = —8 K/mm albeit the
temperature-induced lattice hydrogen transport is less
prominent. In Fig. 17c¢ C; distribution for Case 9 is mono-
tonically decreasing in the direction of the temperature drop
since n = —4 K/mm while T = 600 K. We note in passing that
Case 9 is identical to Case 2 and discussed above. Previously

Cr (mol/m?)

20.00
1832
16.66
14.99
1333
11.66
10.00
833
6.66
5.00
[ 333
167
0.00 \

Cr (mol/m?)

2039
% 1869

(d)

Fig. 21 — Distribution of lattice hydrogen in the double notched specimen under tension for Case 10 with Tyotch, = 300 K and
Trop = 900 K thus n = 12 K/mm, Case 11 wit Tnotch = 400 K and Tro, = 800 K thus n = 8 K/mm, Case 12 with Tnotch = 500 K
and Trqp = 700 K thus n = 4 K/mm and Case Ref 3 with uniform temperature 600 K thus n = 0.
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we showed that the temperature-induced lattice hydrogen
transport becomes less significant due to high T for
n = —4 mm/K.

The effect of the temperature gradient is more clearly
illustrated in Fig. 18 where the C; distribution along the
X — axis and Y — axis are given. The strong temperature-
induced lattice hydrogen transport for Case 7 with
n = —12 mm/K becomes less prominent for Case 8 with
n = —8 mm/K and even more so for Case 9 when n = —4 mm/K
for T = 600 K.

Fig. 19 illustrates plastic strain distribution for Cases 7, 8
and 9. The plastic strain is mainly concentrated at the notch
root and the top right corner of the domain due to the shape of
the specimen and the applied loading. However, in contrast to
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U, Magnitude U, Magnitude
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0.02 0.02
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(d)

the results discussed above, plastic zone size and peak
equivalent plastic strain values for Cases 7, 8 and 9 are similar.
For instance, ¢ at the notch root only decreases from 0.1574
for Case 7 t0 0.1354 for Case 9. Recall that T = 600 K for Cases 7,
8 and 9. For Case 7, the temperature at the notch root is the
highest (Tnoten = 900 K), while the temperature at the top of
the domain is the lowest (Trop = 300 K). The distribution of the
magnitude of displacement for Cases 7, 8 and 9 are given in
Fig. 19d—f, which illustrates the state of deformation for Cases
7, 8 and 9 are also very similar. Consequently, plastic strain
distribution is virtually insensitive to the local temperature as
long as T is fixed.

In Fig. 20, the corresponding dislocation trapped hydrogen
concentration distributions are given for Cases 7, 8 and 9. Near

(c)
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Fig. 22 — Contour levels of equivalent plastic strain in the double notched specimen under tension for (a) Case 10 with
Totch = 300 K and Trop = 900 K thus 7 = 12 K/mm, (b) Case 11 with Tyorcn = 400 K and Trop = 800 K thus 7 = 8 K/mm, and (c)
Case 12 with Tyotch = 500 K and Ty, = 700 K thus n = 4 K/mm.Contour levels of displacement magnitude in the double
notched specimen under tension for (d) Case 10 with Tyoten = 300 K and Trop = 900 K thus n = 12 K/mm, (e) Case 11 with
Tnotch = 400 K and Trop = 800 K thus 5 = 8 K/mm, and (f) Case 12 with Tyoteh = 500 K and Trop = 700 K thus n = 4 K/mm.
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Fig. 23 — Contour levels of dislocation trapped hydrogen concentration in the double notched specimen under tension for (a)
Case 10 with Tyotcn = 300 K and Trop = 900 K thus n = 12 K/mm, (b) Case 11 with Tyotch = 400 K and Ty, = 800 K thus
n = 8 K/mm, and (c) Case 12 with Tyotch = 500 K and Trop = 700 K thus n = 4 K/mm.
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the notch root, Crlevels are higher in Case 8 compared to Case
7, and Crlevels further increase for Case 9. Since plastic strain
changes marginally, the remaining two factors are in play for
the level of Cr. At the notch root, the equilibrium constant K
between the occupancy ratios of lattice sites and dislocation
sites for hydrogen creates the first-order effect. Consequently,
hydrogen concentration trapped at dislocations increases
from Case 7 to Case 8 and Case 8 to Case 9 at the notch root. At
the top right corner of the domain, the manifestation of the Cr
is predominantly dictated by the local C. levels, given in
Fig. 17. The highest level of Cr observed for Case 7 is primarily
due to the very high C; values attained at the top right corner
because of the strong temperature-induced lattice hydrogen
transport.

In Fig. 21, steady-state lattice hydrogen concentration
distributions are given for Case 10 (n = 12 mm/K), Case 11
(n =8 mm/K), Case 12 (n =4 mm/K) and Case Ref. 3 (n =0). The
average temperature is the same for all these cases: T =
600 K. Temperatures prescribed as boundary conditions at
the notch surface and the top surface of the specimen are
also indicated in Fig. 21. Again, when the direction of the
temperature increase is reversed, i.e. n > 0, the temperature-
induced lattice hydrogen transport obstructs the diffusion of
lattice hydrogen away from the notch surface in the double
notched specimen. The steady-state C; distributions remi-
niscent of Fig. 13 are obtained. It is seen that the degree of the
temperature-induced lattice hydrogen transport directly
correlates with the magnitude of 5 for a fixed value of T =
600 K.

Fig. 22 illustrates the plastic strain distribution for Cases 10,
11 and 12. The plastic strain distribution is localised in the
vicinity of the notch root and the top right corner of the
domain. The maximum amount of ¢ decreases and the plastic
zone shrinks from Case 10 with Tyotcn = 300 K to Case 11 with
Tnoteh = 400 K and from Case 11 to Case 12 with Txotch = 500 K.
This is counterintuitive at first glance since both yield strength
and hardening decrease with increasing temperature. How-
ever, the plastic strain at the notch is a manifestation of the
total state of deformation in the specimen. In Fig. 22d—f, the
magnitude of the displacement field is plotted, and it is
observed that Case 11 is enduring higher displacements than
Case 12, and Case 12 is enduring higher displacements than
Case 13. Note that Tt is 900 K, 800 K and 700 K for Cases 11, 12
and 13, respectively. In Fig. 23, the corresponding trapped
hydrogen concentration distributions are given. At the top
right corner, no dislocation trapped hydrogen exists in the
absence of lattice hydrogen (see Fig. 22) due to the
temperature-induced lattice hydrogen transport. At the notch
root, trapped hydrogen concentration is the highest for Case
11 as anticipated since both the plastic strain is the highest
and the equilibrium constant K is the lowest.

Implication for turbine blades

Our findings suggest that hydrogen embrittlement is likely to be
of more concern at the locations where the temperature
gradient and stress gradient are prominent in real applications
such as gas turbine blades. If a fuel-rich mixture is used, the
hydrogen gas surrounding the turbine blade is at a high

temperature, whilst the conformal cooling channels inside the
turbine blades realise lower temperatures. Meanwhile, the
centrifugal forces applied to the turbine blade will generate a
non-uniform hydrostatic stress field due to the complex shape
of the blade. The stress concentration around the cooling holes
and the temperature difference between the outer surface of
the blade and the internal surface of the cooling channel induce
a risk of hydrogen embrittlement in the relatively low-
temperature regions, although the stress concentration or
plastic strain there is presumably not significant. This study
also provides potential methods to avoid hydrogen embrittle-
ment by weakening the temperature-induced transport of lat-
tice hydrogen and redistribution of trapped hydrogen through
increasing average temperature or changing the magnitude of
the temperature gradient. They can, in principle, be realised by
redesigning the internal cooling channels of the turbine blade.

Conclusions

The combined effect of temperature and hydrostatic stress on
steady-state lattice hydrogen diffusion and dislocation trap-
ped hydrogen distribution is investigated using finite element
analysis under various thermal boundary conditions using
material properties of Alloy 690. The main conclusions are as
follows:

1. Higher temperatures cause thermal softening and lead to a
reduction of the hydrostatic stress levels, which results in
less concentrated lattice hydrogen and lower trapped
hydrogen concentrations.

2. The temperature-induced lattice hydrogen diffusion is
more significant than the stress-induced one under the
condition similar to the working environment of turbine
blades. Up to two orders of magnitude increase in the lat-
tice hydrogen concentration is predicted as in low-
temperature regions compared with that in high-
temperature regions, whilst the largest stress concentra-
tion only causes an increase in lattice hydrogen concen-
tration by 6.15% at the elastic-plastic boundary.

3. The redistribution of dislocation trapped hydrogen results
from the combined effects of stress and temperature, and
it is influenced by both the magnitude and the direction of
the global temperature gradient. When the direction of the
temperature gradient is aligned with that of the initial
hydrogen concentration gradient, the highest trapped
hydrogen concentration occurs in a location where plastic
strain is moderate, as long as the temperature-induced
diffusion significantly increases the local lattice hydrogen
concentration. Moreover, this redistribution of trapped
hydrogen to regions with moderate plastic strain is pro-
moted by the increased magnitude of the global tempera-
ture gradient. When the temperature gradient is reversed,
trapped hydrogen will be limited to the location of the
largest plastic strain.

4. Higher temperatures can significantly reduce dislocation
trapped hydrogen concentration by weakening the influ-
ence of binding energy of hydrogen to dislocations, whilst
higher plastic strain or lattice hydrogen concentration can
only increase the trapped hydrogen concentration linearly.
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